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The Divergent Robo Family Protein Rig-1/Robo3
Is a Negative Regulator of Slit Responsiveness
Required for Midline Crossing by Commissural Axons
able segments (Tessier-Lavigne and Goodman, 1996).
These intermediate targets produce both attractants
and repellents, which axonal growth cones must recog-
nize in sequential order to navigate properly. Thus, after
being initially attracted to their intermediate targets,
Christelle Sabatier,1,2 Andrew S. Plump,2,6 Le Ma,1,2
Katja Brose,2,7 Atsushi Tamada,3
Fujio Murakami,3 Eva Y.-H. P. Lee,4
and Marc Tessier-Lavigne1,2,5,*
1Howard Hughes Medical Institute
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to continue on their migratory route, losing respon-Stanford University
siveness to the attractants that led them to their interme-Stanford, California 94305
diate target and gaining responsiveness to repellents2 Howard Hughes Medical Institute
produced by that same target. This change must beDepartment of Anatomy
tightly regulated—it must occur only after crossing, notand Department of Biochemistry and Biophysics
before—so that growth cones can move on to the nextThe University of California, San Francisco
stage in their trajectory only once they have passedSan Francisco, California 94143
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of interneurons, use the ventral midline as a key interme-University of California, Irvine
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contralateral half of the body. In vertebrates and insects,
commissural axons are initially drawn to the midline by
attractant proteins, which include members of the netrinSummary
family. Upon crossing the midline and reaching the con-
tralateral side, however, these growth cones turn longi-Commissural axons in vertebrates and insects are ini-
tudinally, lose responsiveness to netrins (Shirasaki ettially attracted to the nervous system midline, but once
al., 1998), and become sensitive to repellents made bythey reach this intermediate target they undergo a
midline cells, which include Slit proteins (Brose et al.,dramatic switch, becoming responsive to repellent Slit
1999; Kidd et al., 1999; Zou et al., 2000). This switchproteins at the midline, which expel them onto the next
prevents commissural axons from recrossing the mid-leg of their trajectory. We have unexpectedly impli-
line and allows them to move on toward their finalcated a divergent member of the Robo family, Rig-1
targets.(or Robo3), in preventing premature Slit sensitivity in
In Drosophila, a single Slit protein is present and ap-mammals. Expression of Rig-1 protein by commissural
pears to account for all midline repellent activity. Com-axons is inversely correlated with Slit sensitivity. Re-
missural axons become sensitive to Slit when its receptor,moval of Rig-1 results in a total failure of commissural
Roundabout (Robo), is upregulated on the membraneaxons to cross. Genetic and in vitro analyses indicate
of commissural growth cones upon midline crossingthat Rig-1 functions to repress Slit responsiveness
(Kidd et al., 1998a). Robo expression prior to reachingsimilarly to Commissureless (Comm) in Drosophila.
the midline is repressed by the regulatory protein Com-
Unlike Comm, however, Rig-1 does not produce its
missureless (Comm) (Kidd et al., 1998b), which keeps
effect by downregulating Robo receptors on precross- Robo in intracellular compartments away from the axo-
ing commissural axon membranes. These results iden- nal surface (Keleman et al., 2002). Upon crossing, this
tify a mechanism for regulating Slit repulsion that helps repressive action of Commissureless is lost (through still
choreograph the precise switch from attraction to re- unidentified mechanisms), so that Robo surface expres-
pulsion at a key intermediate axonal target. sion and, concomitantly, Slit sensitivity, are upregulated,
thereby expelling commissural axons from the midline
Introduction and preventing them from ever recrossing. Three mam-
malian homologs of Drosophila Slit (Slit1-3) and two
As axons grow long distances over complex terrain in homologs of Robo (Robo1, 2) were described, and their
the developing embryo, they make use of intermediate mRNAs were found to be expressed in structures analo-
targets to simplify their navigation into short, manage- gous to those in which their homologs are expressed
in Drosophila (midline floor plate cells for the three Slits,
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that this receptor-ligand system plays a similar role inAvenue, Rahway, New Jersey 07065.
vertebrate commissural axon guidance; support for this7 Present address: Cell Press, 1100 Massachusetts Avenue, Cam-
bridge, Massachusetts 02138. hypothesis has been obtained by our finding that spinal
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Figure 1. Expression of mRig-1 in the Developing Rat Spinal Cord and Coexpression of mRig-1 with rRobo1 and –2 in the Mouse Spinal Cord
(A) Schematic representation of the Robo1 (red) and Rig-1 (blue) domain structure. Expression of Rig-1 at E11 (E), E12 (F), and E13 (G) in
transverse sections of the rat spinal cord. Rig-1 is not expressed in the E11 rat spinal cord (E) a time at which commissural axons have just
begun their ventral migration toward the floor plate (B). By E12, when many commissural axons have reached the floor plate and a few
pioneers have begun to cross (C), Rig-1 is expressed at high levels in regions corresponding to dorsal commissural neurons as well as ventral
V3 interneurons (F). Rig-1 expression is maintained in commissural neurons at E13 in the rat (G), at which time many axons have crossed to
the contralateral spinal cord and begun to grow longitudinally (D). Coexpression of Rig-1 with Robo1 (H–J) and Robo2 (K–M) in transverse
sections of E11.5 mouse spinal cords. As was shown for the rat spinal cord, Rig-1 is expressed exclusively by commissural neurons in the
E11.5 mouse spinal cord (H) and (K). As described previously (Kidd et al., 1998a; Brose et al., 1999), Robo1 is expressed dorsally in the region
of the commissural and association neuron cell bodies and ventrally in subpopulations of motor neurons (I). Throughout the cord, the Rig-1
pattern of expression appears coincident with that of Robo1 (J). As previously reported (Brose et al., 1999), Robo2 is expressed in the motor
column, in the dorsal root ganglia, and dorsolaterally along the edge of the spinal cord (L). Robo2 expression is almost completely nonoverlap-
ping with that of Rig-1 (M) in both the dorsal and ventral spinal cords. Scale bar is equal to 200 m.
commissural axons become Slit responsive upon cross- the question of how commissural axons in vertebrates
are prevented from becoming Slit responsive prior toing the midline (Zou et al., 2000) and fail to be efficiently
expelled from the midline floor plate in Slit1, 2, 3 triple crossing the midline.
A divergent member of the Robo subfamily, Rig-1mutant embryos (Long et al., 2004). However, no Comm
homolog has yet been identified in vertebrates, raising (also known as Robo3), was identified as a gene that
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Figure 2. Rig-1 Protein Is Expressed on Commissural Axons Before and as They Cross the Floor Plate
Adjacent transverse sections of E11.5 mouse spinal cords stained with TAG1 (A), Rig-1 (B), and GFP (C). TAG1 is a marker of commissural
axons that is rapidly downregulated from postcrossing axons (arrow). Similarly, Rig-1 expression although strong on commissural axons as
they course ventrally toward the floor plate, also appears weaker once these axons have joined the ventral funiculus (B). This is in contrast
to the GFP expression, in this case driven specifically in commissural axons by the Rig-1 promoter, which labels pre- and postcrossing
commissural axons uniformly (C). Scale bar is equal to 200 m.
is upregulated in Retinoblastoma (Rb) mutant embryos axons are projecting to the midline (Altman and Bayer,
1984). At E11, when commissural axons begin their ven-(Yuan et al., 1999). Mouse Rig-1 shares 40% amino acid
tral migration (Figure 1B), commissural neurons expressidentity with other vertebrate members of the Robo fam-
both DCC and Robo1 (Kidd et al., 1998a), but Rig-1ily, particularly in its extracellular domain, but is missing
expression is not detectable (Figure 1E). By E12, whensome important cytoplasmic motifs found in other Robo
commissural axons are reaching the floor plate and afamily members (see also Figure 1A). We found that
few pioneers have started to cross (Figure 1C), Rig-1Rig-1 is specifically expressed by commissural axons
expression is upregulated specifically in commissuraland we therefore hypothesized that Rig-1 might play a
neurons in the dorsal spinal cord as well as V3 interneu-role in regulating Slit sensitivity. Unexpectedly for a
rons located on either side of the floor plate (whichRobo family member, however, Rig-1 is highly ex-
also project across the midline) (Figure 1F). Rig-1 mRNApressed before midline crossing and downregulated
expression in commissural neurons persists throughafter crossing. Loss-of-function studies show that Rig-1
E13 (Figure 1G), a time at which many commissuralis required to allow commissural axons to enter the floor
axons have crossed to the contralateral side (Figure 1D).plate and cross to the contralateral side of the spinal
To determine to what extent these three Robo recep-cord. From in vitro and in vivo studies, we propose that
tors colocalize in neurons of the spinal cord, doubleRig-1 normally functions to inhibit the ability of precross-
fluorescent in situ hybridization was performed on E13ing commissural axons to sense floor plate repellents
rat spinal cords. Rig-1 expression overlaps significantlyof the Slit family through Robo receptors, thus allowing
with that of Robo1 in the dorsal spinal cord (Figuresthe axons to cross the midline.
1H–1J). In the ventral spinal cord, colocalization is also
observed in the V3 interneurons. Robo1 is also ex-
Results pressed in motor neurons in the ventral spinal cord
whereas Rig-1 expression appears to be confined to
Rig-1 Binds Slit but Is Expressed on the Precrossing commissural neurons. Robo2 was previously described
Portion of Commissural Axons to be expressed by a lateral population of dorsal
Since Rig-1 is a member of the Robo family, we asked interneurons as well as motor neurons at E13 in the rat
whether it shares two properties of classic Robo pro- spinal cord (Brose et al., 1999). Interestingly, Robo2
teins: the ability to bind Slit and expression by commis- expression appears largely or completely nonoverlap-
sural axons. To test for Slit binding, we performed a ping with that of Rig-1 (Figure 1K–1M).
cell overlay binding assay. As previously described, a We next examined the expression of Rig-1 protein
C-terminally myc-tagged human Slit2 protein (hSlit2) on commissural axons, using an antibody generated
binds specifically to rRobo1 but not to DCC (Brose et against its ectodomain (Yuan et al., 1999). Unlike other
al., 1999). Cells expressing mRig-1 also show significant Robo family proteins, we found that Rig-1 is highly ex-
binding of hSlit2 (Supplemental Figure S1 available at pressed on the precrossing portion of the axons, as
http://www.cell.com/cgi/content/full/117/2/157/DC1); visualized by immunohistochemistry on transverse sec-
thus, the homology of the ectodomain of Rig-1 with tions of E11.5 mouse spinal cord (Figure 2B) (corre-
those of other Slit binding Robo family members is re- sponding developmentally to E13 in rat). After midline
flected in an ability to bind Slit proteins. crossing, Rig-1 initially continues to be expressed by
To determine whether Rig-1 might contribute to com- commissural axons but then gets downregulated (Figure
missural axon guidance, we first examined the expres- 2B, arrowhead). The expression of Rig-1 is similar to
sion of Rig-1 mRNA in the developing rat spinal cord at that of TAG-1, a cell surface protein also expressed
on commissural axons that gets rapidly downregulatedembryonic stages E11-13, the time when commissural
Cell
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after midline crossing (Dodd et al., 1988). Rig-1 expres-
sion appears to persist longer than that of TAG-1 after
midline crossing (at least as assessed with these partic-
ular antibodies) (Figures 2A and 2B), but it is eventually
lost, as assessed by labeling adjacent sections with a
GFP marker driven from the Rig-1 locus (Figure 2C) that
labels the entire length of commissural axons (see Figure
3C below).
Generation of Rig-1 Mutant Mice
The expression of Rig-1 before crossing and its down-
regulation after crossing were surprising, since Rig-1
is related to Robo proteins whose expression pattern
shows the opposite regulation (Long et al., 2004; see
also Figure 6). We therefore sought to determine the
function of Rig-1 using gene targeting in embryonic stem
(ES) cells to generate mice deficient in Rig-1. A targeting
construct was generated using a 12 kilobase fragment
of a bacterial artificial chromosome containing a portion
of the Rig-1 locus that includes the first exon (see Experi-
mental Procedures). A portion of this exon encoding the
start ATG and the signal sequence was replaced with
a cassette containing (in order from 5 to 3): an internal
ribosome entry site (IRES) element, a tau-GFP fusion
protein, a loxP site, a PGK-1 promoter, a neomycin resis-
tance gene, a PGK-1 polyA tail, and a second loxP site
(abbreviated IRES-tauGFP-LNL and referenced in Rodri-
guez et al., 1999) (Supplemental Figure S2A available
on Cell website). The IRES element was inserted to allow
bicistronic expression of the tauGFP reporter from the
Rig-1 promoter.
ES cell colonies containing homologous integrants
were isolated (Supplemental Figure S2B available on
Cell website). These clones were used to generate chi-
meric male mice that were then mated to CD-1 or C57Bl6
females to generate germline transmissible Rig-1-defi-
cient mice on either a CD-1/129Sv or a C57Bl6/129Sv
genetic background. Resulting heterozygotes were
crossed to generate homozygous deficient mice. Since
initial experiments showed no difference in the pheno-
type between the two different backgrounds, most re- Figure 3. Lack of Commissural Axon Crossing of the Floor Plate in
sults discussed involved mutant mice on a CD-1 outbred Rig-1/ Mice
genetic background. Homozygous deficient animals Visualization of commissural axons in transverse sections of wild-
type or Rig-1/ (A–D) and Rig-1 mutant (E–H) spinal cord (A–C andwere born but lived no more than a few hours. They do
E–G) and hindbrain (D and H). In wild-type and Rig-1/ spinal cordsnot appear to suckle, since they were never observed
and hindbrains, TAG1 labels commissural axons as they grow ven-to have milk in their bellies. However, the causes of the
trally toward the floor plate (arrow in A) and as they cross to thelethality remain unclear. To confirm that a null allele
contralateral side (arrowhead in A, C, and D). GFP driven by the
of Rig-1 had been generated, spinal cords from Rig-1 Rig-1 promoter labels commissural axons along their entire lengths
mutant embryos were collected, lysed, and probed by in Rig-1/ embryos (B). In transverse sections of E11.5 Rig-1 mutant
spinal cords, no axons are observed crossing the floor plate asWestern blotting. No Rig-1 protein was observed (Sup-
visualized by TAG1 (arrowhead in E) or GFP (arrowhead in F) al-plemental Figure S2C available on Cell website), con-
though commissural axons appear to grow normally toward the floorfirming that the allele is likely a null.
plate in the dorsal two-thirds of the spinal cord (arrow in E). The
lack of floor plate crossing is observed throughout the spinal cord
Commissural Axons Fail to Cross the Floor Plate and hindbrain (arrowhead in H) and persists in E12.5 spinal cords
in the Rig-1 Mutant (arrowhead in G) when most commissural axons have crossed the
floor plate. Scale bars are equal to 200 m.The most immediately apparent phenotype of Rig-1/
mutant embryos was the inability of their spinal cords
to stay attached at the ventral midline when dissected,
indicating a thinned or fragile floor plate (data not although upon closer inspection, they seemed to wan-
der slightly upon reaching the ventral side of the spinalshown). We examined commissural axons in these
hemicords initially by whole-mount immunochemistry cord (Supplemental Figures S3A and S3B available on
Cell website). To examine their trajectory in more detail,using an antibody against TAG-1. Surprisingly, the ax-
ons appear to project normally toward the floor plate, we performed TAG-1 immunostaining of transverse sec-
Rig1/Robo3 Prevents Premature Slit Responsiveness
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tions through the spinal cord of E11.5 embryos. In wild- in vitro, with the idea that we might be able to determine
whether they have lost an attractive response or gainedtype embryos, commissural axons project ventrally near
a repulsive response when compared to their wild-typethe edge of the spinal cord until they reach the level of
counterparts. Commissural axons emanating from dor-the developing motor column, where they turn medially
sal spinal cord (DSC) explants are attracted to floorto head toward the floor plate. This normal projection
plate tissue (Tessier-Lavigne et al., 1988) and COS cellswas observed in both wild-type and heterozygous em-
secreting netrin proteins (Serafini et al., 1994) but arebryos (Figures 3A, 3B, and 5A). Commissural axons in
unresponsive to Slit2 until after they have crossed theRig-1/ embryos, however, completely failed to cross
floor plate (Zou et al., 2000). As a first step to characteriz-the floor plate (Figures 3E and 3F). The initial trajectory
ing the responsiveness of Rig-1 mutant axons, we cul-appears normal until the vicinity of the floor plate, at
tured Rig-1 mutant DSC explants in collagen in the pres-which point commissural axons appear to veer away.
ence of netrin-1. The mutant axons respond normallyThis absence of midline crossing was also observed
to netrin-1 presented both as a point source (data notin sections stained with an antibody to neurofilament,
shown) and in the bath (Figures 4E and 4I, p  0.06).which labels all axons in these sections (data not shown)
Thus, Rig-1 function is not required for commissuralas well as in sections stained with an antibody to GFP,
axon responsiveness to netrin-1. However, when theseexpressed under the control of the Rig-1 promoter (Fig-
explants were cocultured with floor plate tissue derivedure 3F). Expression of the floor plate markers HNF3
from wild-type embryos, which is a potent source ofand Sonic hedgehog appeared normal (data not shown)
netrin-1 (Serafini et al., 1996), axons failed to grow outindicating that the floor plate itself develops normally in
of the explant (Figures 4C and 4H, p  0.001). The factthe Rig-1 mutants.
that commissural axons from mutant explants grow outThe complete absence of ventral commissures in the
into collagen in response to recombinant netrin-1 butRig-1 mutant is observed at all axial levels of the spinal
not floor plate-derived netrin suggests that somethingcord (this study) and hindbrain (Figures 3D, 3H, and V.
else made by floor plate cells is antagonizing netrin’sMarillat, C.S., V. Failli, E. Matsunaga, C. Sotelo, M.T.-L.,
action. To test whether Slit proteins secreted by floorand A. Che´dotal, unpublished data) and presumably ac-
plate might be antagonizing netrin’s action, we cocul-counts for the fragility of the floor plate described above.
tured Rig-1 mutant explants with floor plate in the pres-The phenotype persists in older embryos until at least
ence of an antagonist of Slit function provided by theE14.5 (Figure 3G and data not shown). To assess where
ectodomain of Robo2 (fused to the Fc portion of humancommissural axons go when they remain on the ipsilat-
IgG). Remarkably, bath-applied Robo2-Fc ectodomaineral side of the spinal cord, we injected DiI in the dorsal
rescued outgrowth of axons from Rig-1 mutant explantsspinal cord of E13.5 embryos visualized in an open book
in the presence of floor plate (Figures 4D and 4H); thepreparation. In wild-type embryos, by E13.5 most com-
amount of outgrowth approached that seen with wild-missural axons have crossed the midline in a well-orga-
type explants in the presence of floor plate (as assessednized fashion and have turned sharply rostrally immedi-
by total axon bundle length per explant; p  0.001).ately upon exiting the floor plate (Bovolenta and Dodd,
These results suggested that Slit proteins derived1990). In E13.5 Rig-1 mutant embryos, commissural ax-
from the floor plate were antagonizing the action of floorons have turned and grown longitudinally on the ipsilat-
plate-derived netrin on commissural axons from Rig-1eral side of the floor plate. However, they are very disor-
mutant DSC explants. To test more directly whetherganized in its vicinity. Some stall close to the floor plate
these axons are prematurely responsive to Slit proteins,and extend very large and complex growth cones. Many
we cultured DSC explants with netrin-1 to elicit commis-others, however, turn either rostrally or caudally; some
sural axon outgrowth, and presented the axons withactually appear to bifurcate and send projections in both
COS cells secreting the N-terminal cleavage product ofdirections. Most fail, however, to remain closely ap-
Slit2, a potent repellent of a variety of different axonal
posed to the floor plate, the way they normally are in
populations (e.g., Nguyen Ba-Charvet et al., 1999). Ax-
wild-type embryos (Supplemental Figure S3 available
ons emanating from wild-type DSC explants are not
on Cell website). repelled by Slit2-expressing COS cells unless they have
already crossed the floor plate (Zou et al., 2000; Figures
Commissural Neurons from Rig-1 Mutant Animals 4E and 4I). In contrast, the growth of axons from Rig-1
Are Prematurely Slit Responsive mutant DSC explants, which have not encountered the
These studies have shown that Rig-1 is a Slit binding floor plate, is strongly inhibited by Slit2N-expressing
protein expressed on the precrossing and crossing por- cells (Figures 4G and 4I; p  0.001).
tions of commissural axons that is required for these These in vitro results support a role for Rig-1 as an
axons to enter the floor plate. At least two models could inhibitor of Slit signaling in commissural axons prior to
potentially account for these observations (Figure 4A). crossing the floor plate rather than implicating Rig-1 in
Model 1 postulates that Rig-1 is an attractive receptor mediating the response to a floor plate attractant, and
required for the axons’ response to an attractive li- thus strongly support model 2 (Figure 4A). Interestingly,
gand(s) (perhaps netrin-1?) that is required to enter the although axons from Rig-1/ DSC explants were pre-
floor plate. Model 2 postulates that Rig-1 inhibits the maturely responsive to Slit2N, they were not inhibited
axons’ response to an inhibitory factor(s) secreted by by Sema3F (Figure 4F), a distinct repellent known to
the floor plate (perhaps the Slit proteins?) that prevents inhibit postcrossing commissural axons (Zou et al.,
floor plate entry. To differentiate between these models, 2000). The fact that loss of Rig-1 does not result in loss
we first set out to characterize the responsiveness of of netrin responsiveness or in premature responsiveness
to Sema3F shows that loss of Rig-1 specifically causesRig-1 mutant commissural axons to floor plate cells
Cell
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Figure 4. Rig-1 Mutant Commissural Axons
Are Repelled by Slit Protein in the Floor Plate
Prior to Crossing
(A) Two models could account for the lack of
midline crossing observed in the Rig-1 mu-
tant spinal cords. Model 1 postulates that
Rig-1 may function as a receptor that re-
sponds to an attractant in the floor plate. In
the absence of Rig-1, commissural axons fail
to respond to this floor plate attractant and
thus fail to cross to the contralateral side of
the spinal cord. Model 2 postulates that Rig-1
inhibits the repulsive effects of a ligand ex-
pressed by the floor plate. For example, Rig-1
may prevent a repellent such as Slit from acti-
vating Robo1 on commissural axons prior to
crossing. However, once commissural axons
have crossed the floor plate, Rig-1 is down-
regulated and Slits in the floor plate become
able to repel commissural axons. In the ab-
sence of Rig-1, Slits are able to activate
Robo1 on commissural axons at any time and
thus prevent commissural axons from ever
crossing the floor plate.
In vitro collagen cultures of DSC explants
were used to distinguish between these two
models (B–G). Commissural outgrowth was
elicited from DSC explants by coculturing
with floor plate (FP) (B–D) or including 125
ng/ml purified Netrin-1 in the bath (E–G).
Commissural axons grow out of DSC ex-
plants from WT spinal cords in response to
FP (B). However, Rig-1/ commissural axons
fail to grow out significantly when cocultured
with WT FP (C). The lack of commissural axon
outgrowth from Rig-1/ DSC in response to
FP can be rescued by the inclusion of purified
Robo2-ectodomain fused to Fc in the culture
medium (D). Commissural axons grow out
into collagen from DSC explants in response
to the presence of Netrin-1 in the culture me-
dium. When confronted with COS cells ex-
pressing the N-terminal fragment of hSlit2
(Slit2-N), Netrin-responsive commissural ax-
ons from WT DSC explants grow normally
and are not repelled (E). However, commis-
sural axons from Rig-1/ DSC explants are
strongly repelled by Slit2-N (G) but unaffected
by another repellent found in the floor plate,
Sema3F (F). The results of these in vitro ex-
periments are quantified in (H) and (I). Ex-
plants from at least four different embryos
were analyzed for each condition described.
The number of explants quantified is indi-
cated in parentheses in (H) and (I). Scale bar
is equal to 100 m.
the axons to become prematurely Slit responsive, rather sural axon crossing of the floor plate, neither Slit1/,
Slit2/, nor Slit1/;Slit2/ mutants have any obviousthan generally converting them to a postcrossing state.
phenotype (Plump et al., 2002; Long et al., 2004), (al-
though removal of all three Slits causes stalling at theRemoval of Slits in a Rig-1 Mutant Background Leads
to Partial Rescue of the Crossing Phenotype floor plate; Long et al., 2004). Since the loss of ventral
commissures in the Rig-1 mutant is so complete, weTaken together, these results strongly suggested that
failure of axons to cross the midline in Rig-1 mutant reasoned that any decrease in Slit-dependent repulsion
from floor plate might be translated into some recoveryspinal cords results from the axons being prematurely
responsive to midline Slit proteins, which block their of crossing. Slit1/; Rig-1/ embryos showed no mid-
line crossing by commissural axons and looked identicalentry into the midline. To test this hypothesis, we geneti-
cally removed individual Slits from the floor plate in the to the Rig-1/ littermates (Figures 5A and 5B). On the
other hand, Slit2/; Rig-1/ as well as Slit1/; Slit2/;Rig-1 mutant background by crossing Slit1 and Slit2
mutants with the Rig-1 mutant. At the level of commis- Rig-1/ triple mutants embryos showed recovery of
Rig1/Robo3 Prevents Premature Slit Responsiveness
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Figure 5. Removal of Slits or of Robo1, but Not Robo2 Can Rescue Midline Crossing in the Rig-1 Mutant Spinal Cord
In transverse sections of wild-type or Rig-1/;Robo1/ spinal cord, TAG1 labels commissural axons as they grow ventrally toward the floor
plate and as they cross the floor plate in a thick bundle (G and H). In Rig-1/, Rig-1/;Slit1/ (A and B) or Rig1/;Robo2/ (K and L) double
mutants, no TAG1-positive commissural axons are observed crossing the floor plate. Some rescue of midline crossing is observed in
Rig-1/;Slit2/ double mutants (C and D) as shown by the small amount of TAG1 immunoreactivity observed in about half of the sections
in the floor plate of those double mutants (arrowhead in D  3 embryos). Rescue of midline crossing was also observed in
Rig-1/;Slit1/;Slit2/ triple mutant spinal cords (E and F; n  2 embryos). In this case, crossing axons were observed in every section.
Significant rescue of midline crossing was observed in Rig-1/;Robo1/ embryos (n  4), with many axons seen crossing in every section
(I and J). However, the thickness of the commissural bundle in the floor plate was still not back to wild-type levels (G and H). On the other
hand, Rig-1/;Robo2/ double mutants (n  4) look indistinguishable from Rig-1/ embryos (K and L).
Scale bar is equal to 200 m (A, C, E, G, I, and K). Scale bar is equal to 100 m (B, D, F, H, J, and L).
midline crossing by commissural axons at all axial levels sults in absence of midline crossing because commis-
sural axons are prematurely Slit responsive.of the spinal cord and the hindbrain, although a majority
still failed to cross (Figures 5C–5F). The expressivity of
the recovery is greater in the triple than the double mu- Loss of Robo1 but Not Robo2 Partially Suppresses
the Rig-1 Mutant Phenotypetant (see Figure 5 legend). Thus, loss of Slit function
can rescue at least partly the Rig-1 mutant phenotype, Robo1 and Robo2 are the presumed Slit receptors medi-
ating repulsive actions of Slits on different populationsconsistent with the model that loss of Rig-1 in vivo re-
Cell
164
of commissural axons. In our companion paper, we re-
port that loss of either Robo1 or Robo2 alone results in
only a slight midline crossing phenotype (Long et al.,
2004), presumably due to redundancy between the two
Robos, and/or to the functioning of other repulsive guid-
ance systems at the midline, including the Semaphorin/
Neuropilin-signaling system (Zou et al., 2000). Whether
or not other signaling systems are normally involved in
repelling axons out of the midline, however, we predict
that removal of Robo function should suppress the phe-
notype of Rig-1 mutant embryos, provided the Robo
proteins contribute to signaling midline repulsion by Slit
proteins in vivo. To test for such suppression, we exam-
ined the effects of mutating either Robo1 or Robo2 in
the Rig-1/ background. A dramatic effect of removing
Robo1 was observed: significant midline crossing was
seen in E11.5 Rig-1/; Robo1/ double-mutant em-
bryos as visualized by TAG-1 (Figures 5I and 5J) and
neurofilament (data not shown) staining. This partial
suppression of the Rig-1/ mutant phenotype appears
specific to Robo1 as it was not observed in Rig-1/;
Robo2/ double mutants (Figures 5K and 5L). This is
presumably related to the fact that Rig-1 expressing
neurons in the spinal cord primarily express Robo1, not
Robo2 (Figure 1).
Robo1 and 2 Proteins Are Localized Primarily
to the Longitudinal Portion of Axons in Both
Wild-Type and Rig-1/ Embryos
The Rig-1/ phenotype in the spinal cord is reminiscent
of the Drosophila commissureless (comm) phenotype,
in which commissural axons also fail to cross the CNS
midline (Kidd et al., 1998b). Commissureless (Comm)
inhibits Robo signaling by preventing Robo from being
targeted to the plasma membrane before and during
Figure 6. Robo1 and Robo2 Localization Is Unchanged in Rig-1
midline crossing (Keleman et al., 2002). To test whether Mutant Spinal Cords
Rig-1 functions in a similar manner, we used antibodies
Commissural axons are labeled with TAG1 until they exit the floor
against the ectodomains of Robo1 and Robo2 to deter- plate in wild-type spinal cords (A) or as they course ventrally in
mine their localization in commissural axons in wild-type the Rig-1/ spinal cord (D). Immunohistochemistry against Robo1
protein labels precrossing (arrow in B) and crossing commissuraland Rig-1/ embryos. Robo1 and Robo2 are localized
axons at low levels (arrowhead in B). Once commissural axons enterprimarily to the postcrossing portion of the axon, al-
the ventral funiculus, Robo1 levels are dramatically upregulated (B).though low levels are observed precrossing (Long et
Surprisingly, Robo1 localization appears unaltered in Rig-1 mutants:al., 2004) (see also Figures 6B and 6C). Unexpectedly,
Robo1 levels are kept low as commissural axons grow ventrally
Robo1 and Robo2 immunoreactivity appears un- toward the floor plate (arrow in E) and become high after they enter
changed in Rig-1/ embryos, i.e., low levels are ob- the ventral funiculus despite the lack of crossing of the floor plate
(arrowhead in E). Similarly, Robo2 is primarily expressed in a subsetserved prior to reaching the midline, and dramatic
of axons growing in the ventral funiculus with low levels also ob-upregulation of expression is observed once the axons
served in precrossing and crossing commissural axons (C). Robo2are coursing in the ventral funiculus, indicating that both
localization is unchanged in Rig-1/ embryos (F). Scale bar is equalreceptors are confined to the longitudinal portion of
to 200 m.
commissural axons even though these axons have not
crossed the floor plate (Figures 6E and 6F). This observa-
tion is distinct from what is observed in Drosophila lents. Commissural axons in the spinal cord are initially
comm mutants, in which Robo localization is abnormally attracted to the floor plate, but upon crossing it, they
expressed on precrossing commissural axons. It also lose responsiveness to floor plate attractants (Shirasaki
implies that the low levels of Robo protein expression et al., 1998) and become responsive to floor plate repel-
observed prior to crossing must be sufficient to mediate lents of the Slit and Semaphorin families (Zou et al.,
Slit responsiveness in these axons. 2000). To be effective, this change in responsiveness to
floor plate-derived guidance cues must be tightly linked
to crossing of that intermediate target. Our results sup-Discussion
port a model in which Rig-1/Robo3, a member of the
roundabout receptor family, keeps commissural axonsAs axons grow toward their final targets, they interact
in a highly regulated fashion with a series of intermediate from sensing ligands of the Slit family through their cog-
nate receptor Robo1 as they grow toward the floor plate,targets that guide them using both attractants and repel-
Rig1/Robo3 Prevents Premature Slit Responsiveness
165
allowing them to enter and cross to the contralateral tissue, since inhibition by floor plate-derived Slit could
override the outgrowth-stimulating effect of netrin. Thisside, where downregulation of Rig-1 protein expression
interpretation is supported by the finding that the out-helps them sense the floor plate as a repulsive environ-
growth is restored when a soluble Robo-ectodomain isment, thus preventing them from recrossing the midline.
added to the culture medium, presumably blocking the
effect of the Slit proteins. The in vivo counterpart of thisRig-1 Is Required for Commissural Axons
in vitro experiment was to remove Slit1 and Slit2 in theto Cross the Floor Plate
Rig-1 mutant background, which led to a partial rescueOur finding that Rig-1 mRNA is expressed highly and
of commissural axon crossing, again consistent withselectively in commissural neurons initially suggested
the possibility that commissural axons fail to cross thethat Rig-1, as a member of the Robo family, might play
midline in Rig-1 mutants because of premature Slit sen-a role in preventing midline recrossing, similar to the
sitivity.role played by Robo in Drosophila. We were thus sur-
It could be argued that the partial suppression of theprised by an unexpected phenotype in Rig-1 mutants:
Rig-1 midline-crossing defect by removal of Slit-1 anda complete failure to enter the ventral midline region,
Slit-2 might be due simply to the floor plate being areflected in the lack of ventral commissures throughout
more generally attractive environment in the absence ofthe spinal cord and hindbrain. This result indicated that
Slits. Two lines of evidence argue against this alternativeRig-1 plays a role in guiding commissural axons prior
interpretation, however. First, no defect in commissuralto crossing the midline, consistent with the pattern of
axon guidance at the floor plate has been detected inexpression of the Rig-1 protein: high prior to crossing
the Slit1;Slit2 double-mutant embryos despite thoroughand low postcrossing. This expression pattern stands
analysis (Plump et al., 2002). In fact, recent results havein contrast to those of Robo1 and Robo2, which are
shown that only when all three Slit proteins expressedobserved primarily postcrossing (although both are also
by the floor plate are removed (in Slit1;Slit2;Slit3 tripleobserved at low levels in precrossing and crossing com-
mutants) does a commissural axon guidance defect be-missural axons).
come apparent (Long et al., 2004). These observationsThe Rig-1 mutant phenotype superficially shares
imply that the balance of attractants and repellents insome features with the Netrin-1 and Dcc mutant pheno-
the floor plate is not significantly altered by removal oftypes, in which ventral commissures are also severely
Slit1 and Slit2. Secondly, removal of Neuropilin-2 in thereduced in the spinal cord. There are, however, profound
Rig-1 mutant background fails to rescue crossing (Sup-differences. In the Netrin-1 or Dcc mutants, commissural
plemental Figure S3 available on Cell website). Commis-axons are impaired in their ability to grow ventrally to-
sural axons in Neuropilin-2 mutants stall out in the floorward the floor plate, and few reach the midline (Fazeli
plate at high frequency, suggesting that upon crossinget al., 1997; Serafini et al., 1996). Thus, in those mutants
they sense the floor plate as a less repulsive environ-the reduced ventral commissure reflects a failure to
ment than in wild-type animals (Zou et al., 2000). Thereach the midline. In Rig-1 mutant embryos, in contrast,
fact that no rescue of the Rig-1/ crossing phenotypecommissural axons apparently grow normally, virtually
is observed in the Neuropilin-2;Rig-1 double mutantsall the way to the floor plate, deviating from their normal
indicates that sensing fewer repellents in the floor plateventral migration only as they get close to it (Figure 3E).
per se is not sufficient to allow Rig-1 mutant commis-Furthermore, whereas in both Netrin-1 and Dcc mutants
sural axons to cross the floor plate, and that instead ita few commissural axons are observed crossing to the
is Slit repulsion specifically that must be lessened forcontralateral side through the floor plate, no axon was
the rescue of midline crossing. This conclusion is further
ever observed in the floor plate of Rig-1 mutant spinal
supported by the observation that commissural axons
cords at any of the ages analyzed (Figure 3 and data
from Rig-1 mutant animals become prematurely respon-
not shown). These phenotypic distinctions suggest that sive in vitro to Slit2N but not to Sema3F, a Neuropilin-2
Rig-1 is unlikely to be involved in sensing the attractant ligand.
Netrin-1, an interpretation further supported by our in Thus, taken together, both our in vitro and in vivo
vitro experiments that show normal outgrowth in re- results support a model in which Rig-1 mutant commis-
sponse to Netrin-1 of commissural axons from Rig-1/ sural axons fail to cross the midline in vivo specifically
dorsal spinal cord explants (Figures 4F and 4I). because they are prematurely responsive to Slit repel-
lents (Model 2 in Figure 4). It should be noted, however,
Rig-1 Inhibits the Responsiveness of Commissural that it remains formally possible that in addition to this
Axons to Slit Repellents inhibitory role, Rig-1 may also recognize an attractant
Thus, rather than being involved in commissural axon in the floor plate that, unlike Netrin-1, is not responsible
guidance to the midline, Rig-1 instead appears to be for drawing commissural axons ventrally but is important
required specifically for midline crossing. Our results for crossing the floor plate (Model 1 in Figure 4). This
strongly support a role for Rig-1 in preventing commis- issue may only be resolved if a putative attractive func-
sural axons from becoming prematurely responsive to tion of Rig-1 can be separated from its role in preventing
Slit repellents. In vitro, we found that commissural axons repulsion, for example through structure-function stud-
from Rig-1 mutant dorsal spinal cord explants are re- ies. It should be stressed, however, that this remains
pelled by COS cells secreting Slit2N, to which their wild- only a formal possibility, and that an inhibitory effect of
type counterparts are insensitive. This premature Slit Rig-1 on Slit responsiveness by commissural axons is
sensitivity provides an explanation for the observation sufficient by itself to explain all of the observed Rig-1
that Rig-1 mutant commissural axons fail to grow out mutant phenotypes as well as our in vitro results.
To confirm the role of Rig-1 as an inhibitor of the Slitof dorsal spinal cord explants in response to floor plate
Cell
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response, we assessed the effect of removing the recep- axonal membrane as commissural axons approach the
midline causing commissural axons to become sensitivetors for Slit on the Rig-1 mutant phenotype. Interestingly,
to Slit prior to crossing. In mouse, as in Drosophila,whereas removal of Robo1 leads to rescue of commis-
Robo1 and Robo2 are primarily localized to the post-sural axon crossing in the Rig-1/ background, removal
crossing portion of the axon (Figures 6B and 6C). How-of Robo2 has no effect on the Rig-1/ phenotype (Fig-
ever, in Rig-1 mutants, Robo1 and Robo2 protein ex-ure 5). The lack of rescue in the Robo2/;Rig-1 double
pression is not upregulated in commissural axons asmutant is presumably explained by the expression of
they grow ventrally toward the floor plate. Rather, bothRobo2 mRNA in the spinal cord, which is almost entirely
proteins still appear to be confined to the “postturning”nonoverlapping with that of Rig-1 (Figure 1M). Therefore,
commissural axons as they grow longitudinally—but inthe complete absence of both Robo1-positive and
this case in the ipsi—rather than the contralateral spinalRobo2-positive fibers in the ventral commissures of the
cord (Figures 6E and 6F). We conclude, therefore, thatRig-1 mutant spinal cord indicates that Robo2-express-
Rig-1 inhibits Slit responsiveness via a different mecha-ing axons may be dependent on Rig-1 in a cell-nonau-
nism than Comm. This conclusion is corroborated bytonomous manner to cross the midline. For example,
biochemical experiments in which we found that underRobo1-expressing axons may pioneer floor plate cross-
conditions where Comm and DRobo1 interact in trans-ing and Robo2-expressing axons may fasciculate onto
fected COS cells (Keleman et al., 2002), Rig-1 and Robo1the Robo1-positive pioneers. Consistent with this hy-
do not show any biochemical interaction (data notpothesis, commissural axons are observed stalled in the
shown). Similarly, whereas Comm has been shown tofloor plate of Robo1 mutants at early time points, a
relocalize DRobo1 from the surface of transfected COSphenotype that fits with a role for Robo1 in sensing Slits
cells to intracellular compartments (Keleman et al.,in the floor plate. On the other hand, Robo2 mutant
2002), Rig-1 has no such effect on Robo1 in vitro (datacommissural axons appear to cross the floor plate nor-
not shown). Thus, Rig1 appears to produce its effectmally (Long et al., 2004). Together these observations
not by affecting Robo protein expression, but rather bylead us to conclude that in the absence of Rig-1, Robo1-
preventing Slit signaling via the small amount of Robopositive commissural axons fail to enter the floor plate
protein that is present on the axons precrossing; a corol-because they are repelled by Slit proteins, and the
lary of this is that the small amount of Robo that isRobo2-positive fibers then fasciculate with the mis-
present must be enough to mediate a sufficient re-guided Robo1-positive axons, resulting in a failure to
sponse to midline Slit proteins to prevent crossing incross as well.
the absence of Rig-1.The lack of complete rescue of the Rig-1 mutant phe-
Does this mean that flies and vertebrates have hit onnotype by removal of Robo1 has several possible expla-
completely different solutions to the problem of pre-nations. First, as already suggested by the subtle com-
venting premature Slit responsiveness? Not necessarily.missural axon guidance phenotype observed in the
First, in vertebrates, like flies, Robo protein expressionRobo1 single mutants (Long et al., 2004), Robo1 might
is dramatically upregulated after midline crossing. It isnot be the only receptor for Slit proteins on Rig-1 ex-
possible that this regulation of protein localization usespressing commissural axons. Second, it remains possi-
a similar mechanism to that operating in flies, perhapsble that Rig-1 blocks premature responsiveness to yet
using a still to be discovered Comm-like protein. Sec-other repellents in the floor plate beside Slits, although
ond, although studies in Drosophila have focused onas argued above, such repellents would presumably not
the role of Comm in regulating Robo protein expression,be ligands for Neuropilin-2 like Sema3B and Sema3F.
there is nonetheless some Robo expressed precrossing,Finally, there could be a small amount of residual Robo1
and it is tempting to speculate that there must be someprotein in the Robo1 knockout, because of a small
specific second mechanism to prevent that Robo fromamount of splicing over the gene trap insertion, that
signaling sufficient repulsion to prevent crossing. Thus,
results in presence of a small amount of wild-type Robo1
flies and vertebrates might both have two mechanisms:
mRNA in these animals (Long et al., 2004). Whatever the
one to regulate Robo protein expression (involving
explanation, the significant rescue of midline crossing Comm in flies and an unknown mechanism in verte-
observed in Robo1;Rig-1 double mutants strongly im- brates) and one to silence low level Robo protein pre-
plies that Rig-1 inhibits Slit signaling through Robo1 in crossing (involving Rig-1 in vertebrates and an unknown
commissural axons. mechanism in flies). A second mechanism in flies need
not require a second molecule: Comm itself could, in
Crossing the Midline in Vertebrates and Drosophila principle, silence Robo precrossing independent of its
The lack of a ventral commissure in the spinal cord effect on protein localization.
and hindbrain of Rig-1 mutant mice is analogous to the How does Rig1 inhibit the response to Slit through
complete absence of commissures in the CNS of comm Robo1? Since we have shown that Rig-1 can directly
mutants in Drosophila (Tear et al., 1996). Like Rig-1, bind Slit proteins, Rig-1 might behave as an endogenous
Comm has been shown to inhibit Slit responsiveness in dominant-negative Robo receptor and bind Slit unpro-
commissural axons prior to crossing (Kidd et al., 1999; ductively, sequestering it away from Robo1. Although
Keleman et al., 2002). As commissural axons grow to- the lack of a phenotype in Rig-1 heterozygous animals
ward the midline, Comm interacts with Drosophila tends to argue against this hypothesis, it is possible that
Robo1 (DRobo1) and prevents its localization to the axo- Rig-1 is present in such vast excess over Robo1 on
nal membrane. Once commissural axons have crossed precrossing commissural axons that a reduction of its
the midline, Comm’s inhibition of DRobo1 is relieved. In levels by half would not affect its ability to inhibit Robo1.
Alternatively, the divergence of the Rig-1 cytoplasmiccomm mutant embryos, DRobo1 is mislocalized to the
Rig1/Robo3 Prevents Premature Slit Responsiveness
167
Figure 7. Model for the Switch in Ligand Re-
sponsiveness as Commissural Axons Cross
the Floor Plate
Diagram of molecular interactions on pre-
crossing commissural axon growth cones.
Precrossing growth cones are attracted to
the floor plate primarily through the effect of
Netrin-1 on its receptor DCC (as well as by
attraction by Shh [not illustrated]). Slit1-3, re-
pulsive ligands also expressed by the floor
plate, are recognized by Robo1 on commis-
sural axon growth cones, but the presence of
Rig-1/Robo3 on the growth cone membrane
inhibits Robo1 from eliciting a repulsive re-
sponse to these ligands. After crossing the
floor plate, the inhibition of Slit respon-
siveness is relieved due to the absence of
Rig-1 on postcrossing commissural axons
and the concomitant upregulation of Robo
protein expression. This coincides with a loss
of responsiveness to Netrin-1, presumably
due to the interaction between Robo1 and
DCC. Upregulation of responsiveness to the
repellent Sema3B also occurs (not illustrated).
The downregulation of responsiveness to at-
tractants and upregulation of responsiveness
to repellents expels the axons out of the mid-
line, onto the next leg of their trajectory.
domain compared to other Robo family members sug- mediate target and stay on course in the contralateral
ventral funiculus. Both these events may be required togests that Rig-1 may signal differently than Robo1 and
may interfere with Robo1 downstream signals. finely tune the switch at the midline. Rig-1 is observed
at low levels on the postcrossing portion of commissural
axons but is by no means completely turned off immedi-Understanding the Midline Switch in Commissural
Axon Guidance ately upon entering the contralateral spinal cord (Figure
2). Thus, the upregulation of Robo1 may be a means toHow does Rig1 fit in more broadly with the high fidelity
switch from attraction to repulsion that occurs at the overwhelm the Rig-1 inhibition prior to it being com-
pletely downregulated. Alternatively, Rig-1 function maymidline? As commissural axons grow ventrally toward
the floor plate, they are attracted by Netrin-1 via the be inhibited through other means besides protein down-
regulation so that tight control over the upregulation ofnetrin receptor DCC (Keino-Masu et al., 1996; Serafini
et al., 1996). In vitro, Robo1 can silence netrin respon- the Slit response is achieved. Rig-1 downregulation and
the subsequent disinhibition of Robo1 not only permitssiveness through its direct interaction with DCC in the
presence of Slit (Stein and Tessier-Lavigne, 2001). The upregulation of Slit responsiveness, but may also make
Robo1 available to bind DCC and thus silence Netrin-1lack of inhibition of DCC in the precrossing commissural
axon may be mediated by both the low levels of Robo1 responsiveness. Together, these two events would con-
vert commissural axons from sensing the floor plate aspresent in commissural axons prior to crossing the floor
plate and by the inhibition of Robo1 by Rig-1 in precross- an attractive environment to sensing it as a repulsive
environment (Figure 7), repelling them out of the midlineing axons. Both phenomena together would ensure that
commissural axons initially sense the floor plate as an and allowing them to move onto the next leg of their tra-
jectory.overwhelmingly attractive environment (Figure 7). Once
they have interacted with the floor plate and entered
Experimental Proceduresthe contralateral side of the spinal cord, a cascade of
events takes place that ultimately leads to a rapid
Generation of Rig-1-Deficient Micechange in direction from the dorsal-ventral axis to the
Genomic DNA containing portions of the Rig-1 gene was isolated
anterior-posterior axis. The downregulation of Rig-1 and by screening a BAC library (Incyte Genomics) with a Rig-1 specific
coincident upregulation of Robo1 would work together cDNA probe. BAC DNA was then used to generate the targeting
vectors shown in Supplemental Figure S2A (available on Cell web-to ensure that commissural axons move past their inter-
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site) using standard recombinant DNA techniques. Southern blot Lipophilic Dye Tracing
Spinal cords of E12.5 Rig-1 mutant and wild-type embryos wereand Western blot analyses were performed using standard tech-
niques. To identify targeting events, genomic DNA was digested prepared in an open-book configuration, fixed with 4% paraformal-
dehyde, and injected with DiI (Molecular Probes) using iontophoresiswith PstI and hybridized with a DNA probe external to the targeting
vector as noted in the targeting figures. ES cell culture and genera- into the dorsal region. DiI was allowed to diffuse for two days to
label commissural axons along their entire length, enabling theirtion of mice was carried out as previously described (Mombaerts
et al., 1996). For genotyping, a PCR-based screen was developed: visualization by conventional fluorescence microscopy.
wild-type allele-forward primer 5-TACCAGCTACTTCCAGAGAG-3;
reverse primer 5-CCAACATCGAGTGGTACAAG-3; mutant allele Quantification
forward-primer 5-GATCTCTCGTGGGATCATTG-3; reverse primer Unless otherwise state, a minimum of three embryos were observed
5-TACCAGCTACTTCCAGAGAG-3. PCR was carried out using the for every genotype described and a minimum of five sections per
same protocol previously described (Plump et al., 2002). embryo.
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